In the mirror world hypothesis the mirror baryonic component emerges as a possible dark matter candidate. An immediate question arises: how the mirror baryons behave and what are the differences from the more familiar dark matter candidate, the cold dark matter (CDM)? In this paper we quantitatively answer this question and describe the implications on CMB and LSS. We need only two extra thermodynamical parameters to describe our model: the temperature of the mirror plasma (limited by the BBN ) and the amount of mirror baryonic matter. We show as specific signatures on the evolution of the perturbations are related to the decoupling time and the dissipative Silk scale of the mirror baryons. Confronting with the present observational data, we also obtain some bounds on the mirror parameter space.
Introduction
The idea that there may exist a hidden mirror sector of particles and interactions with exactly the same properties as that of our visible world was suggested long time ago [1] . The basic concept is to have a theory given by the product G × G ′ of two identical gauge factors with the identical particle contents, which could naturally emerge e.g. in the context of E 8 ×E ′ 8 superstring.
(From now on all fields and quantities of the mirror (M) sector will be "primed" by ′ to distinguish from the ones belonging to the observable or ordinary (O) world.) In particular, one can consider a minimal symmetry G SM × G ′ SM where G SM = SU ( A discrete symmetry G ↔ G ′ interchanging corresponding fields of G and G ′ , so called M-parity, guarantees that two particle sectors are described by the identical Lagrangians, with all coupling constants (gauge, Yukawa, Higgs) having the same pattern, and thus both sectors should have the same microphysics. In particular case, when G sector is left-handed and the G ′ one is right-handed, this discrete symmetry can be interpreted as the true parity. 1 If the mirror sector exists, then the Universe along with the ordinary photons, neutrinos, baryons, etc. should contain their mirror partners. One could naively think that due to mirror parity the ordinary and mirror particles should have the same cosmological abundances and hence the O-and M-sectors should have the same cosmological evolution. However, this would be in the immediate conflict with the Big Bang nucleosynthesis (BBN) bounds on the effective number of extra light neutrinos ∆N , since the mirror photons, electrons and neutrinos would give a contribution to the Hubble expansion rate equivalent to ∆N ν ≃ 6.14. Therefore, in the early Universe the M-system should have a lower temperature than ordinary particles. This situation is plausible if after the inflation two systems are born with different reheating temperatures, T ′ R < T R , which can be achieved in certain inflationary models [3, 10, 11, 12] . Two sectors should interact with each other very weakly, in order not come into thermal equilibrium neither at later epochs. This is automatically fulfilled if the two worlds communicate only via the gravity, and if there are other effective interactions between the O-and M-particles, they have to be properly suppressed. 2 Then, if one excludes significant entropy production, both sectors would evolve adiabatically during the expansion of the Universe maintaining approximately constant ratio among their temperatures T ′ /T = x, and hence we would have ∆N ν = 6.14 x 4 [12] . Therefore, the BBN bound can be evaded if x is sufficiently low. E.g., the conservative bound ∆N ν < 1 implies that x < 0.64. Therefore, the mirror photons should have much smaller number density than ordinary ones, n ′ γ /n γ = x 3 ≪ 1. The difference between the temperatures of the two sectors breaks the symmetry between their cosmological properties. It is interesting to understand, whether mirror baryons could constitute dark matter of the Universe, or at least its significant fraction, i.e. whether the requirement T ′ < T can be compatible with the situation when a mirror baryon density is larger than the ordinary one. In other words, one needs the ratio β = n ′ b /n b between mirror and ordinary baryon densities to be enough large, β ≥ 1.
The cosmological evolution of the mirror universe was studied in ref. [12] and all the key epochs as are baryogenesis, nucleosynthesis, recombination etc. were analyzed in details. It was shown, in particular, that, in the context of the GUT or electroweak baryogenesis scenarios, the condition T ′ < T yields that the mirror sector should produce a larger baryon asymmetry than the observable one, η ′ B /η B ≥ 1 [12] . However, this is not yet enough for having mirror baryons as dark matter, as far as β = x 3 (η ′ B /η B ) and thus β ≥ 1 requires much stronger condition η ′ B /η B ≥ x −3 ≫ 1. As it was demonstrated in ref. [12] , this condition can be satisfied for a certain range of parameters, with the values of x which are not too low, x ≥ 0.01 or so. However, more appealing situation emerges in a leptogenesis scenario due to particle exchange between the ordinary and mirror sectors suggested in ref. [9] , which predicts that β ≥ 1 and thus can explain the near coincidence between the visible (O-baryon) and dark (M-baryon) components in a rather natural way [4] .
Thus, if Ω ′ b > Ω b , mirror baryons emerge then as a possible dark matter candidate; they can contribute the dark matter of the Universe along with the cold dark matter or even constitute a dominant dark matter component. An immediate question arises: how the mirror baryon dark matter (MBDM) behaves and what are the differences from the more familiar dark matter candidate as the cold dark matter (CDM)?
The peculiar properties of mirror dark matter where discussed qualitatively in [12] , and this analysis was confirmed and extended in ref. [13] . In this paper we complete this program giving a fully quantitative discussion of the implications of mirror dark matter on the large scale structure of our Universe.
The plan of the paper is as follows: in the next section we analyze the time scales of the photon-baryonic mirror sector; in section 3 we describe the evolution of perturbations in a linear regime, and we compute the CMB and the LSS power spectrum for various value of x and β showing the main differences with respect a cold dark matter dominated model. Finally the conclusions follow.
Relevant length scales
Mirror matter may seem a tremendously complicated dark matter candidate. However, from the point of view of structure formation, it can be described relatively simply. The microphysics of the mirror sector is in fact well defined, being identical to that of our sector. All the differences with respect to the ordinary world can be described in terms of two macroscopic parameters which are the only free parameters in our model:
where T (T ′ ) is the ordinary (mirror) photon temperature in the present Universe, 3 and Ω b (Ω ′ b ) is the ordinary (mirror) baryon density fraction. In this section, we discuss the dependence of the scales length relevant for structure formation from these parameters.
In the most general context, the present energy density contains relativistic (radiation) component Ω r , non-relativistic (matter) component Ω m and the vacuum energy density Ω Λ (cosmological term). According the inflationary paradigm the universe should be almost flat, Ω 0 = Ω m + Ω r + Ω Λ ≈ 1, which well agrees with the recent results on the CMB anisotropy [17] . In the context of our model, the relativistic fraction is represented by the ordinary and mirror photons and neutrinos, Ω r h 2 = 4.2 × 10 −5 (1 + x 4 ), and contribution of the mirror species is negligible since from the BBN constraints follows that x 4 ≪ 1. As for the non-relativistic component, it contains the O-baryon fraction Ω b and the M-baryon fraction Ω ′ B = βΩ B , while the other types of dark matter, e.g. the CDM, could also present and so Ω m = Ω B +Ω ′ B +Ω CDM . 4 At present observational data favor Ω m ∼ 0.3 while the rest of the energy density is due to the cosmological term, Ω Λ ∼ 0.7.
The important moments for the structure formation are related to the matter-radiation equality (MRE) and to the plasma recombination and matter-radiation decoupling (MRD) epochs. The MRE occurs at the redshift:
where we denote ω m = Ω m h 2 . Therefore, for x ≪ 1 it is not altered by the additional relativistic component of the M-sector. The matter radiation decoupling takes place only after the most of electrons and protons recombine into neutral hydrogen and the free electron number density n e diminishes, so that the photon scattering rate drops below the Hubble expansion rate. In the ordinary Universe the MRD takes place in the matter domination period, at the temperature T dec ≃ 0.26 eV which corresponds to redshift 1 + z dec = T dec /T today ≃ 1100.
The MRD temperature in the M-sector T ′ dec can be calculated following the same lines as in the ordinary one [12] . Due to the fact that in either case the photon decoupling occurs when the 3 The ratio of the temperatures between two sectors is nearly constant during the evolution of the Universe. In general, one has
, where the factors gs and g ′ s accounting for the degrees of freedoms of the two sectors can be different from each other, see [12] for details. 4 In the context of supersymmetry, the CDM component could exist in the form of the lightest supersymmetric particle (LSP). It is interesting to remark that the mass fractions of the ordinary and mirror LSP are related as Ω ′ LSP ≃ xΩLSP. In addition, a significant HDM component Ων could be due to neutrinos with order eV mass. The contribution of the mirror neutrinos scales as Ω ′ ν = x 3 Ων and thus it is irrelevant.
exponential factor in the Saha equation becomes very small, we have T ′ dec ≃ T dec , up to small logarithmic corrections related to η ′ , different from η. Hence
so that the MRD in the M-sector occurs earlier than in the ordinary one. Moreover, for a value x = x eq , where:
the mirror photon decoupling epoch coincides with the MRE epoch. This critical value plays an important role in our further considerations. namely, for x < x eq the mirror photons would decouple yet during the radiation dominated period. Let us discuss now the relevant scales for evolution of perturbations in the MBDM. The relevant scale for gravitational instabilities is Jeans length, defined as the minimum scale at which, in the matter dominated epoch, sub-horizon sized perturbations start to grow. The mirror Jeans scale is given by:
where ρ(z) is the matter density at a given redshift z, v ′ s (z) is the sound speed in the M-plasma and the (1 + z) factor translate the physical scale at the time of redshift (1 + z) to the present scale. We remark that the M-plasma contains more baryons and less photons than the ordinary one, ρ ′ B = βρ B and ρ ′ γ = x 4 ρ γ , and thus the sound speed can have a quite different behavior. We have:
Hence, for redshifts of cosmological relevance, z ∼ z eq , we have v ′ s ∼ 2x 2 c/3 ≪ c/ √ 3, quite in contrast with the ordinary world, where v s ≈ c/ √ 3 practically till the photon decoupling. The M-baryon Jeans length reaches the maximal value at z = z ′ dec , where it is given by:
After decoupling, eq. (6) do not holds anymore and the Jeans scale decrease to very low values, due to the fact that the pressure supplied by the relativistic component of the mirror plasma disappears. Density perturbations in MBDM on scales λ ≥ λ ′ J,dec ′ which enter the horizon at z ∼ z eq undergo uninterrupted linear growth immediately after z eq . Perturbations on scales λ ≤ λ ′ J,dec ′ start instead to oscillate immediately after they enter the horizon, thus delaying their growth till the epoch of M-photon decoupling.
Finally, we turn our attention to dissipative processes which can modify the purely gravitational evolution of perturbations. As occurs for perturbations in the O-baryonic sector, also the M-baryon density fluctuations should undergo the strong collisional damping around the time of M-recombination. The photon diffusion from the overdense to underdense regions induce a dragging of charged particles and wash out the perturbations at scales smaller than the mirror Silk scale, λ ′ S . The behavior of λ ′ S as a function of the parameter x and β is given by
where f (x) = x 5/4 for x > x eq , and f (x) = (x/x eq ) 3/2 x 5/4 eq for x < x eq . The impact of such a scales on the evolution of density perturbations will be discussed in the next section.
Evolution of perturbations
We clearly understand from the previous discussion that MBDM has peculiar features which can leave a characteristic imprint in the large scale structure of the Universe.
First, perturbations in MBDM on scales λ ≤ λ ′ J,dec ′ experienced an oscillatory regime. The MBDM oscillations transmitted via gravity to the ordinary baryons, could cause observable anomalies in LSS power spectrum and in the CMB angular power spectrum.
Second, for x ≥ x eq , the growth of perturbations on scales λ ≤ λ ′ J,dec ′ does not start at z eq but is delayed till M-photon decoupling. If MBDM is the dominant dark matter component, one expect to observe less structures on these scales than in standard CDM scenario.
Finally, the density perturbation scales which can run the linear growth after the MRE epoch are limited by the length λ ′ S . To some extent, the cutoff effect is analogous to the free streaming damping in the case of warm dark matter (WDM).
In order to make quantitative predictions we computed numerically the evolution of adiabatic perturbations in a universe in which is present a significant fraction of mirror dark matter. More precisely, following the approach described in [15] , we solved numerically in a synchronous gauge the linear evolution equations for perturbations in ordinary baryons, photons, neutrinos, cold dark matter and in mirror baryons and photons. Essentially, with respect to the standard case, the full set of equations was doubled in order to properly take into account the evolution of the mirror photon-baryon system. The decoupling in ordinary and mirror plasma was followed numerically as prescribed in [15] . All the calculations were made assuming a flat space-time geometry (Ω 0 = 1; Ω Λ = 1 − Ω m ). In order to compare our predictions with the "standard" CDM results, we have chosen a " reference cosmological model" whose parameters are: Ω 0 = 1, Ω m = 0.25, Ω Λ = 0.75, ω b = Ω b h 2 = 0.023, n s = 0.97, h = 0.73, with scalar adiabatic perturbations and no massive neutrinos [18] . We have then added to this model the mirror sector and we have studied the effect of MBDM as a function of the parameters x and β. In all calculations the total amount of matter Ω m = Ω CDM + Ω b + Ω ′ b was maintained constant. Mirror baryons contribution are thus always increased at the expenses of diminishing the CDM contribution. To understand the impact of mirror matter on structure formation it is useful to look at figs.1 and 2 where, for a selected wavenumber k = 2π/λ and for selected values of x and β, we show the evolution of the perturbations in the various components as a function of the scale factor a. In fig.1 we consider the situation in which dark matter is entirely due to mirror baryons (i.e. β ≫ 1), while in fig.2 we assume that mirror baryons are a subdominant component (β = 2). The panels a) of the two figures are obtained by assuming large values of the mirror to ordinary temperature ratio (i.e. x = 0.6), while the panels b) corresponds to the value x = 0.3 ≃ x eq which, for the chosen cosmological parameters, implies that M-photon decoupling approximatively coincides with MRE epoch. As long as the perturbation scale is larger than the horizon, all the components grow at the same rate (δρ ∝ a 2 ). The situation drastically changes when the perturbations enter the horizon (around a ∼ 10 −4 ). At this point, baryons and photon, in each sector separately, become causally connected and behave as a single fluid. The sub-horizon evolution of the photo-baryon fluids depends on the value of the Jeans lengths. If the Jeans length is larger than the perturbation scale then the the photo-baryon fluid starts to oscillate. This is always the case (before the decoupling) for ordinary baryons and photons. This is not always true in the mirror sectors. By comparing panels a) and b) of the two figures we see in fact that for large values of x the M-photon and baryons oscillates, while for smaller x values perturbations undergo uninterrupted growth even before M-photon decoupling (which occurs around a ≃ 10 −3 /x).
Oscillations in the mirror sector (when present) may be transmitted via gravity to the ordinary baryons, producing observable anomalies in LSS power spectrum and in the CMB anisotropy spectrum. By comparing the late time perturbation evolution in fig.1a and fig.2a , we can understand that the efficiency of this process depends on the amount of mirror matter present in the universe. After decoupling, in fact, baryons, which are no longer supported by photon pressure, rapidly fall in the potential wells created by the dominant dark matter component. If M-baryon dominate the dark matter budget, this leads asymptotically to δ b = δ ′ b (see late time evolution in fig.1a ). This means that the baryonic structure power spectrum re-write the M-baryonic power spectrum, which is suppressed at small wavelength due to Silk damping and is eventually modulated (if x is not too small) as a results of acoustic oscillation. If instead CDM is the dominant dark matter component, we have asymptotically δ b = δ ′ b = δ CDM (see late time evolution in fig.2a ), which means that both M-baryonic and O-baryonic structures will follow the "standard" CDM power spectrum.
The dependence of the baryonic LSS power spectrum from the parameter x and β is shown explicitly in fig.3 . In the upper panel we assume that the dark matter is entirely due to mirror baryons and we consider variations of the x parameter. For large x values, as a result of the oscillations in MBDM perturbation evolution, one observes oscillations in the baryonic LSS power spectrum. The position of these oscillations depends on x, as can be easily understood.
The smallest is x the smallest is the mirror Jeans scale at decoupling and thus the smallest are the perturbations scales which undergo acoustic oscillations. Superimposed to oscillations one clearly see the cut-off in the power spectrum due to the Silk damping. We remark that the Silk scale λ ′ s also depends on x (and β), as it is described by eq. (8) . As a consequence, the cut off in the power spectrum moves to smaller wavelength when we decrease the x parameter.
In the lower panel of fig.3 we can appreciate the role of the parameter β. One clearly sees that, as expected, the smallest is the amount of mirror baryons the less evident are the features in the LSS power spectrum. Interestingly, for large x values, one observe a relevant effect even for relatively small amount of mirror baryons. 2 , compared with a standard model (solid line). In order to remove the dependences of units on the Hubble constant, we plot in the x-axis the wave number in units of h and in the y-axis the power spectrum in units of h −3 . We also plot the 2dF binned data [20] . Top panel. Mirror models with the same parameters as the ordinary one, and with x = 0.3, 0.5, 0.7 and ω In fig.4 we finally show the effects of MBDM on the CMB anisotropy spectrum. The predicted spectrum is quite strongly dependent on the assumed x value (upper panel), but it is practically independent (lower panel) on the total amount of mirror baryons present in the Universe. In other words, the CMB anisotropy spectrum is sensitive to amount of extra-radiation in the Universe due to the the mirror sector (which is fixed by x, being Ω ′ r ∝ x 4 ) but can hardly distinguishes between MBDM and CDM. Our predictions can be compared with the observational data in order to obtain bounds on the possible existence of the mirror sector. To give a visual impression of the present situation we show in the fig.3 the 2dF binned data [20] and in fig.4 the WMAP [17] and ACBAR [19] data.
To extract information from the experimental data one clearly needs a detailed statistical analysis. However, some general conclusion can be obtained very simply: i) The assumption that DM is entirely due to mirror baryons is evidently not compatible with present LSS data unless the value of x is enough small: x ≤ x eq ≈ 0.3. ii) High values of x, x > 0.5, can be excluded even for a relatively small amount of mirror baryons. E.g. for x = 0.7, one has relevant effects on LSS and CMB power spectrum down to values of M-baryon density of the order Ω ′ b ∼ Ω b . iii) For small values of x, say x < 0.3, neither the linear LSS power spectrum nor the CMB angular power spectrum can distinguish the MBDM from the CDM. In this case, in fact, the jeans length λ ′ J,dec and the Silk length λ ′ S , which mark region of the spectrum below which one sees the effects of mirror baryons, decrease to very low values, which undergo non linear growth from relatively large red-shift.
Conclusions
The concept of mirror world has attracted a significant interest over last years, in particular being motivated by the problems of neutrino physics [6] , gravitational microlensing [3, 22] , gamma ray bursts [23] , ultra-high energy cosmic rays [11] , the flavor and CP violation [7, 8] , etc.
Here we investigated the cosmological implications on density perturbations in linear regime where the interacting nature of the mirror photon-baryon system shows up. Since the existence of a dominant baryonic mirror hidden sector changes the time of the key epochs, namely the matter-radiation equality and photon baryon decoupling occur before than in a standard one, there are important consequences on the structure formation scenario. We put together all these informations to select two main different mirror scenarios, for x > x eq and x < x eq , depending if the mirror decoupling time is happening in matter or radiation era.
In the first case mirror baryons can oscillate in the time interval between the horizon crossing of the perturbation and the mirror decoupling time, imprinting the corresponding fluctuations on the power spectrum, while in the latter case there is no time for mirror baryons to interact with mirror photons and then they behave as CDM.
The values of the length and mass scales clearly depend on the mirror sector temperature and baryonic density, but we found that M ′ J is always smaller than M J , with a typical ratio ∼ 10 for x > x eq , while for cold dark matter it is much smaller.
Another important quantity to describe the structure evolution is the dissipative scale, represented by the mirror Silk scale. We found that it is much lower than the ordinary one, obtaining M ′ S ∼ 10 10 M ⊙ for x ≃ x eq , a value similar to the free streaming scale for a typical warm dark matter candidate, and much higher than the one for cold dark matter.
After this, we modified a Fortran code existing for the standard Universe in order to take into account the hidden mirror sector, and computed the evolution of perturbations in the linear regime. We did this for various mirror temperatures and baryon densities, finding all the features predicted by our structure formation scenario.
In particular in CMB spectra we found various differences from a so-called standard CDM concordance model for x > ∼ 0.3 ≃ x eq . The dependence is not linear in x, specially evident in the first and third peaks. The mirror baryon density influence is instead very low. The comparison with the current anisotropy measurements shows as these models can be fully compatible with data if we exclude the higher x values (but also in this case we could change some other cosmological parameter in order to be still compatible with data).
Turning to the LSS power spectra, we showed a sensitivity to the mirror sector bigger than for the CMB, with a great dependence on both mirror temperature and baryonic density. While the temperature x influences the scale at which the oscillatory behavior begin, the density Ω ′ b is important to set the depth of the oscillations. In this case we see the mirror sector effects also for low x-values, if we don't take a too small value for Ω ′ b . In particular, if all the dark matter is made of mirror baryons, oscillations are probably too deep for models with x > 0.3, considering the current estimates of cosmological parameters.
It is evident as a joint analysis of both CMB and LSS data is crucial in order to obtain important bounds on the mirror parameter space.
Thus, with the current experimental accuracy, we can exclude only models with high 0.3 ≤ x ≤ 0.7 and high Ω ′ b ≥ few Ω b , which where allowed by nucleosynthesis constraints. It is also important to show as our numerical analysis is confirming previous theoretical estimations (see ref. [12] and [13] ).
In any case, in order to develop a numerical χ 2 analysis of the present experimental data we need to create a faster computational code.
In order to reduce the allowed mirror parameter space the analysis of the non linear regime will result quite important and full of cosmological implications. Many questions which involve the dynamics of this regime are straightforward: i) As far as the mirror baryons constitutes a dissipative dark matter like the usual baryons, how they can provide extended halos instead of being clumped into the galaxy as usual baryons do ?
ii) How the star formation mechanism proceeds in the M-sector where the temperature/density conditions and chemical contents are much different from the ordinary ones?
iii) How the M-protogalaxy, which at a certain moment before disk formation essentially becomes a collisionless system of the mirror stars, could maintain a typical elliptical structure? iv) How many and how heavy Machos [22, 14, 21] (the mirror stars) do we expect in the galactic halo?
Many other questions can be formulated and many new data are needed to discriminate different cosmological settings.
Our numerical analysis, to discriminate Mirror world in the linear regime, sets the starting point to answer all these questions.
